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A B S T R A C T
The extraction of the wide range of useful bioactive compounds produced by cyanobacteria is still a major
bottleneck at industrial scale. In addition to the high costs, extraction eﬃciencies are also commonly low, with
low cell disruption eﬃciencies playing a particularly signiﬁcant role in intracellular compounds' release. To
increase the chances of an extended use of the cyanobacteria toxin microcystin in several biotechnological ﬁelds,
we aimed to optimize ﬁve diﬀerent disruption techniques: bead milling, microwave, freeze-thaw cycles, high-
speed homogenization, and sonication. For each of the methods tested, the conditions that maximized the in-
tracellular organic matter release were: i) 20% of beads and treatment time of 7min (bead milling); ii) 800W for
1.5 min (microwave); iii) three 12-h freeze-thaw cycles at −20 °C; iv) 15,000 rpm for 7min (high-speed
homogenization); and v) 40 kHz for 10min (sonication).
Sonication and freeze-thaw cycles followed by sonication revealed to be the most eﬀective methodologies to
ensure a maximum intracellular organic matter release and, consequently, microcystin availability for being
extracted. The decrease of cells' viability was however more evident in freeze-thaw cycles, freeze-thaw cycles
followed by sonication, and microwave where only 0.3, 0.05 and 0.9% of the initial cells, respectively, main-
tained their viability after being treated. On the other hand, sonication and bead milling reduced the viability of
the original culture to 5 and 15.5%, respectively, while high-speed homogenization did not show any signiﬁcant
diﬀerences compared to control.
According to the results obtained in this study, the most suitable methodology to maximize the release of
microcystin was therefore the use of sonication (40 kHz) during 10min.
1. Introduction
Cyanobacteria, also known as blue-green algae, are ancient photo-
synthetic microorganisms whose importance is far beyond the fact of
probably being responsible for the origin of oxygen on Earth's atmo-
sphere billion years ago [1]. This group of Gram-negative prokaryotes is
nowadays scattered around the planet due to the diversity displayed, as
well as the ability to continuously and quickly adapt to their sur-
rounding environment, such as increasing temperatures. Several cya-
nobacteria species are well-known bloom-forming microorganisms –
some of them are also toxin-producers – generally associated with water
bodies' eutrophication as a consequence of the intense anthropogenic
activity [2].
Similarly to microalgae, cyanobacteria produce important sec-
ondary metabolites (including vitamins, toxins, enzymes and pigments)
and consequently represent a tremendous source of potential high
added-value compounds to apply in food, feed, pharmaceutical, che-
mical, and biofuels sectors [3,4].
Microcystis aeruginosa, one of the most studied cyanobacteria, is
frequently cited as an environmental hazard that might present a ser-
ious threat for humans [5]. The authorities' concern derives from the
ability of certain strains of M. aeruginosa to produce potent toxins such
as microcystins (MC), which are hepatotoxins responsible for human
deaths and illnesses episodes [3,6]. Nevertheless, numerous studies
point this cyanobacterium as a source of a signiﬁcant range of bio-
products or even as an added-value itself by integrating this species in
some industrial processes [7–11]. Despite MCs are continuously la-
belled as negative for health, multiple possible applications have been
unveiled by studies performed throughout the years. The use as pure
standards for human and environmental risk assessment tests, as tool
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for molecular and cell biology studies, as antialgal agent or as active
principle in anticancer drugs production, are just some the potential
applications of these cyanotoxins [3].
In spite of the rising interest originated by recent ﬁndings, most of
these compounds (including MC) are intracellular and cell rupture
techniques are required, commonly representing a major bottleneck at
industrial scale [3]. Taking the example of microalgae, a wide range of
disruption methods is available to be applied on cyanobacteria cultures.
Generally, these downstream processes can be divided into two distinct
groups: mechanical (e.g. microwave, bead milling, ultrasonication) and
non-mechanical (e.g. chemical, enzymatic) methods [12]. In spite of the
variety of eﬀective techniques, there is a need for mild, inexpensive,
and low-energy consumption methodologies to meet the exploitation of
more unstable cyanobacterial metabolites. The conventional disruption
methods usually utilize chemicals or very high pressure optimized
conditions to obtain a given product, but might result in severe damage
for many other products [13]. The use of mild-processing techniques –
such as pulsed electric ﬁelds, enzymes, and ultrasonication – might
represent an appropriate alternative to overcome this major bottleneck
[12,13]. Although several studies have already been published about
the disruption of M. aeruginosa cells, there is a lack of a thorough
comparison between the disruption eﬃciency of the methods and their
impact on cells and products of interest [14–17]. Additionally, harsh
conditions are frequently applied in downstream processes since com-
plete removal of both cells and secondary metabolites, namely MCs, is
the main goal — especially when wastewater treatment plants are
considered. However, bearing in mind the potential applications of MC,
the purpose of this work is to achieve very high disruption eﬃciencies
without compromising the stability of the cyanotoxin (i.e. operating
under mild and eﬀective conditions). In this sense, we propose to op-
timize a series of disruption methods – bead milling, freeze-thaw cycles
(FTC), microwave, sonication, and high-speed homogenization (HSH) –
and compare them in terms of disruption eﬃciency and MC and in-
tracellular organic matter release (IOMR).
2. Materials and methods
2.1. Microorganism and culture conditions
Cyanobacterium Microcystis aeruginosa LEGE 91094 utilized in this
study was kindly provided by the Interdisciplinary Centre of Marine
and Environmental Research (CIIMAR — Porto, Portugal) collection
(LEGE CC) and maintained in Z8 medium [18] under
10 μmolphotons·m−2·s−1 using a 12:12 h light-dark cycle at room tem-
perature. Stock cultures were renewed on a monthly basis.
2.2. Disruption techniques
Five diﬀerent mild disruption methods were performed and com-
pared: i) bead milling; ii) microwave; iii) freeze-thaw cycles (FTC); iv)
high-speed homogenization (HSH); and v) sonication. These methods
and their application conditions were chosen speciﬁcally to prevent
damages in microcystins' structure [19,20], thus avoiding the need to
check the occurrence of eventual structural alterations by expensive
analytical techniques such as LC-MSMS. Tests were made in triplicate
using 25mL of a culture of M. aeruginosa presenting a biomass con-
centration of approximately 0.5 g·L−1.
2.2.1. Bead milling
Bead milling assays were carried out using glass beads of small
diameter (149–250 μm) and a vortex mixer Clifton Cyclone CM-1
(Nickel Electro Ltd., UK). Several bead ratios (between 0 and 80% of the
culture volume) and treatment time intervals (1–10min) were tested.
2.2.2. Microwave
Cell disruption caused by microwave treatment was conducted in a
Speedy 21 L microwave oven (Taurus, Spain) varying the time
(0.5–2min) and the power (Defrost (< 400–800W). To avoid over-
heating and intracellular content release caused by temperature (above
60 °C — data not shown), short-period cycles were applied for each
power used (four 30 s cycles for defrost; eight 15 s cycles for the re-
maining power intensities) and samples were kept in ice between cycles
until room temperature (roughly 20 °C) was reached.
2.2.3. Freeze-thaw cycles (FTC)
The eﬀect of FTC was tested at two diﬀerent temperatures (−20 and
−70 °C). The number of cycles to apply was also assessed. Since the
defrosting process using hot water led to release of intracellular mate-
rial (data not shown), it was done placing tubes containing frozen
samples on a vessel with tap water.
2.2.4. High-speed homogenization (HSH)
A T-25 digital Ultra-Turrax® (IKA®, Germany) was utilized to per-
form cell disruption experiments under HSH conditions. The inﬂuence
of three distinct agitation speeds (10,000, 15,000 and 20,000 rpm) and
treatment time (1–15min) was determined.
2.2.5. Sonication
Sonication was performed using an ultrasonic processor VCX 500
(Sonics & Materials, Inc., USA) and subjecting cells to diﬀerent fre-
quencies (20 and 40 kHz) during certain periods of time (1–15min).
Cycles applied consisted of 3 s of treatment on and 9 s oﬀ. The culture
was continually kept in ice to prevent overheating.
2.3. Cell disruption eﬃciency analysis
The cell disruption methods were compared using three diﬀerent
techniques: i) ﬂow cytometry; ii) IOMR; and iii) toxin quantiﬁcation.
2.3.1. Flow cytometry
Flow cytometry analysis was performed using an EC800™ ﬂow
cytometer analyzer (Sony Biotechnology Inc., USA). A total of 50,000
events were collected for each triplicate of the samples in order to
present reasonable conﬁdence intervals of cell concentrations and
consistent ﬂuorescence results. Red ﬂuorescence signals, which are
associated with the total chlorophyll content, were collected by a
665 nm long-pass ﬁlter, FL3. The number of events and ﬂuorescence
signals were evaluated through the EC800 1.3.6 analysis software (Sony
Biotech) and the Flowing software 2.5.1. Cell disruption eﬃciency re-
sults obtained by ﬂow cytometry were compared using the methods
described in Günerken et al. [21]. Brieﬂy, the direct cell counting data
was one of the methods used to evaluate the disruption eﬃciency; the
other method consisted in splitting the histograms of FL3-Peak-Lin
(radius of spherical cells) and FL3-Lin (area) into quadrants, corre-
sponding the upper right quadrant to the healthy population of mi-
croalgae.
2.3.2. IOMR measurement
After disruption treatment, samples of 500 μL were taken and then
centrifuged at 12,000 rpm for 10min. The supernatant was collected
and its absorbance was measured at a wavelength of 254 nm in a
Synergy™ HT Multi-Detection Microplate Reader (BioTek Instruments,
Inc., USA). This procedure allowed detecting the IOMR from the cells at
diﬀerent conditions [22]. The extracellular organic matter present in
original sample (before starting the disruption process) was also de-
termined applying the same method. To facilitate the interpretation of
results, an IOMR factor was calculated for each sample tested according
to the following equation:
=
−IOMR factor (Abs Abs )
Abs
t 0
0 (1)
where Abst refers to the absorbance measured at 254 nm after
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disruption treatment during a certain period of time (t, min) and Abs0 is
the absorbance measured at 254 nm of the original sample (before
treatment).
2.3.3. Toxin quantiﬁcation
The Microcystins-ADDA ELISA Kit (Abraxis, Inc., USA) was used to
determine the concentration of total MC toxin before and after cells
having been treated. The amount of MC in each sample was obtained
following the instructions of the Microcystins-ADDA ELISA Kit. Samples
were diluted according to the manufacturer's recommendations and the
absorbance was measured at 450 nm using a Synergy™ HT Multi-
Detection Microplate Reader (BioTek Instruments, Inc., USA).
2.3.4. Statistical analysis
The experimental data were analysed through one-way ANOVA
followed by a post hoc Tukey test using Statistica 10.0.228.8 software
(Statsoft Inc., USA).
3. Results and discussion
3.1. Optimization of cell disruption techniques
The comparison of all tested techniques was divided into two major
steps: optimization of each disruption method mainly considering the
IOMR during the process (optimal conditions are presented in Table 1)
and further comparison of optimal conditions of each strategy by
measuring the disruption eﬃciency and organic matter and toxin re-
lease (Section 3.2).
3.1.1. Bead milling
The ﬁrst stage of bead milling process characterization was devel-
oped by comparing the eﬀect of diﬀerent beads relative percentages
(between 0 and 80% of the culture volume) at a ﬁxed treatment time of
5min (data not shown). The use of a relative percentage of glass beads
around 20% was found to cause the highest release of IOM and thus to
be the most eﬃcient ratio causing cell disruption/permeabilization.
Taking into account this information, it was decided to ﬁx this per-
centage of beads for the following evaluation tests on the inﬂuence of
bead milling treatment time (between 1 and 10min) – data not shown.
The ﬁlling ratio employed here as being the optimal condition (Table 1)
is considerably lower when compared to microalgae processing in-
formation sources stating that beads' volume should be kept between 50
and 90%, typically being 80–85% [23]. Our results also showed a dif-
ferent behaviour in terms of the disruption eﬃciency with bead load
variation, since some authors observed higher cell disintegration yields
when increasing ratios are applied [24,25]. However, these diﬀerences
might be explained by the use of diﬀerent beads (in terms of size and
composition), cell concentration, and microorganisms, which aﬀect
signiﬁcantly the process' eﬀectiveness.
The inﬂuence of treatment time on cell disruption using bead
milling technique was evaluated and the highest IOMR was detected
after 7min (Table 1). Generally, increasing cell disintegration is ex-
pected with treatment time extension until it reaches a maximum owing
to complete disruption of microorganisms, which seems to be the case.
The optimal duration for liberation of IOM from M. aeruginosa applying
the bead milling technique – 7min – is in agreement with other studies
performed using distinct microalgae, where a period between 4 and
9min was considered to be the best treatment time for cell disruption
and, consequently, high-value metabolites' release [26,27].
3.1.2. Microwave
Microwave eﬀectiveness on cell disruption was assessed by testing
four diﬀerent power intensities (defrost (< 400, 400, 600, and 800W)
following the IOMR during 2min (data not shown). Generally, 800W
power intensity treatments revealed higher eﬃciency for all time in-
tervals measured, resulting in higher IOMR of M. aeruginosa cells.
Subjecting cyanobacteria to a 1.5min treatment using this power in-
tensity was considered the optimal condition to apply microwave as a
disruption/permeabilization technique (Table 1). Comparing with
other studies, high disruption (approximately 94%) and oil extraction
yields were obtained in tests performed at 80–95 °C for periods of time
ranging from 20 to 30min [28,29]. However, our goal was to assess the
eﬃciency of microwaves only and avoid possible interference of tem-
perature and solvents that would possibly increase IOMR eﬀectiveness.
Additionally, metabolites' denaturation is frequently observed as a
consequence of increasing temperature, which should be prevented as
well. Despite of the signiﬁcant eﬀect of long-lasting microwave treat-
ments, Balasubramanian et al. [28] also found that there is no direct
relationship between treatment time and extraction eﬃciency, since
extraction yields of some algae oils were higher for shorter periods of
time and then decreased when extended treatment times were applied.
Thus, optimal extraction conditions are deeply dependent on the type of
metabolite targeted.
3.1.3. Freeze-thaw cycles (FTC)
Freeze-thaw methodology showed higher IOMR from M. aeruginosa
cells using three 12 h freezing cycles at −20 °C (Table 1). This is in
agreement with the common use of this cell disruption technique since
many ELISA quantiﬁcation kits, for instance, have manufacturers' in-
structions pointing to the use three freeze-thaw cycles as a means to
cause rupture of the cells. This method takes advantage of ice crystals
formation inside cells to damage cell wall and release intracellular
compounds. The duration of freezing cycles can however vary sig-
niﬁcantly, being in some cases as short as 2 h [15].
3.1.4. High-speed homogenization (HSH)
HSH tests were carried out up to 10min under 10,000, 15,000, and
20,000 rpm (data not shown). The use of a stirring velocity of
15,000 rpm frequently revealed higher release rates of IOM throughout
the disruption treatment (Table 1). According to the results obtained,
the release of intracellular compounds applying this speed is main-
tained constant from 7min onwards (data not shown). Consequently,
this might be considered the most suitable time to operate when M.
aeruginosa cells disruption is intended via HSH. This mechanical
method is frequently applied to extract compounds of interest from a
number of microorganisms – as the case of microalgae [12]. Although
the process may, in some cases, be as short as 1min (or even less)
[30,31] due to the combination of hydrodynamic cavitation and sol-
vents, rotation speed is commonly set in the range 10,000 to
14,000 rpm, which is close to the value achieved in this study (Table 1).
When solvents are not part of the extraction process, treatment duration
can, however, be longer (6 min) and approach our optimum [32].
Nevertheless, the agitation rate applied by Sun et al. [32] was con-
siderably higher than 15,000 rpm.
Table 1
Optimal operating conditions of all disruption techniques tested (bead milling,
microwave, FTC, HSH, and sonication) with the respective parameters eval-
uated and eﬃciencies obtained (by means of IOMR factor).
Disruption method Parameter 1 Parameter 2 Eﬃciency
Bead milling Bead % (v/v) Time (min) IOMR factor
20 7 1.1 ± 0.0
Microwave Power (W) Time (min) IOMR factor
800 1.5 0.9 ± 0.0
FTC Temperature (°C) Number of cycles IOMR factor
−20 3 4.3 ± 0.1
HSH Speed (rpm) Time (min) IOMR factor
15,000 7 0.4 ± 0.1
Sonication Frequency (kHz) Time (min) IOMR factor
40 10 3.5 ± 0.1
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3.1.5. Sonication
By comparing both frequencies tested, it is possible to infer that
sonication performed at 40 kHz always presented better disruption/
permeabilization yields, regardless of the treatment time (data not
shown). Additionally, these data also showed that maximum IOMR was
attained after 10min (Table 1). Despite of being widely used for the
disruption of microalgae and subsequent extraction of added-value
products [12,33], (ultra)sonication process optimization is deeply as-
sociated with the microorganism under study [34], the metabolite(s) of
interest to be recovered and whether solvents are part of the process or
not [35]. In the speciﬁc case of M. aeruginosa, the optimal treatment
time presented in Table 1 is in agreement with the procedure im-
plemented by other authors such as Pestana et al. [15], although the
frequency applied in that study is just 50 Hz. Regarding the other
parameter studied, Wu et al. [17] compared the inactivation of M.
aeruginosa using low frequency (20 kHz) and high frequency (580 and
1146 kHz) sonication concluding that lower frequencies are more ef-
fective than higher ones.
3.2. Comparison of cell disruption techniques
3.2.1. Impact on cells
The optimal conditions of each disruption method were selected and
a new experiment was performed where all techniques were compared.
Since sonication and FTC were found to promote the highest rates of
IOMR individually, an additional test was performed using FTC as pre-
treatment of sonication. The number of absolute counts and, among
these, the corresponding number of cells that remained viable after
applying the disruption methods, are presented in Fig. 1.
According to these results it is possible to verify that, after the
treatments, most of the absolute counts obtained do not correspond to
the region of M. aeruginosa cells. The only exception seems to be the
HSH since it presents a similar number to the control, indicating that
only a few cells were aﬀected by this technique. Sonication and FTC
followed by sonication appear to be highly destructive processes and to
reduce the debris of cells in such a way that a great part of them is not
even accounted by the cytometer (Fig. 1). Despite of the eﬀectiveness
shown by sonication, approximately 5% of the initial culture survived
to this method. Diﬀerently, the number of cells that survive to FTC
followed by sonication can be neglected once it represents just 0.05% of
the original amount of biomass. As opposed to sonication, bead milling,
and particularly microwave and FTC methods, present a high number of
absolute counts, but the number of viable cells found in the culture is
signiﬁcantly lower (Fig. 1). Although FTC and microwave methods
seem not to be as aggressive to cells as sonication (the number of ab-
solute counts is considerably greater), a higher impact on cells' viability
was obtained (99.7 and 99.1%, respectively, of the initial sample was
damaged and did not keep viable). Regarding bead milling, the number
of viable cells found in culture after treatment was around 15.5%.
These results seem not to be in agreement with some other studies
since sonication is commonly pointed as an ineﬃcient disruption
method [29,36]. For instance, the diﬀerence between the disruption
eﬃciency obtained for sonication and microwave was reported as high
as 27.2% by McMillan et al. [29], which is clearly not the case in our
results. However, this disparity may be due to the species-dependency
of disruption eﬀectiveness once most of the studies use C. vulgaris
[29,36], commonly considered a more robust and diﬃcult-to-break
microorganism.
By evaluating the ﬂuorescence of the cells that were observed in
treated samples (Fig. 1), we were able to get interesting information
about the eﬀect of each disruption technique over M. aeruginosa
(Fig. 2).
Through these data, a more linear proﬁle of ﬂuorescence is observed
for sonication and HSH, suggesting that for these treatments most of the
cells kept a cellular structure which is more similar to that of cells in
control samples. This means that sonication and HSH provide more
uniform treatment conditions in the whole volume of the samples to
which they are applied. However, the majority of the absolute counts
detected after HSH (Fig. 1) is placed in the upper right quadrant, while
in the case of sonication only about half of them are in that quadrant
(Fig. 2). This means that, from the number of absolute counts obtained
after treatment, almost all of them are cells that survive to HSH and
keep their viability, whereas only circa 52% have shown the same be-
haviour under sonication.
However, the number of absolute counts after sonication is con-
siderably lower than HSH, as shown in Fig. 1. Although the proﬁles
exhibited by cells treated with FTC and bead milling generally show a
linear ﬂuorescence proﬁle, it is possible to see some counts displaced
and scattered throughout the lower left quadrant. The impact on cells'
viability is though distinct in these two methods. The 15.5% of cells
that survived to bead milling represent approximately 32% of the ab-
solute counts, whilst the use of FTC left< 0.4% of cells with viability.
Consequently, several counts are observed in the upper right quadrant
of the bead milling and very few appear there in the case of FTC. In
spite of being slightly less eﬃcient than FTC, microwaves (0.9% of the
cells survived to the method, Fig. 1) do not present any trend on
ﬂuorescence proﬁle, which is associated with a great variability in
terms of cells' size and shape. The dispersity observed in the lower left
quadrant of FTC, bead milling and especially microwave (Fig. 2), in-
dicates a random eﬀect over cells and it makes sense considering that
the processing involving these three methodologies is not as constant
and uniform as in the case of sonication and HSH. Heo et al. [36] have
veriﬁed the same behaviour applying microwave irradiation and soni-
cation to C. vulgaris. According to those authors, cells' membranes were
severely damaged when microwave was utilized, whereas sonication
was responsible for cracking or tearing up the cells. Furthermore, it was
also concluded that microwave irradiation treatment was not able to
disrupt cells evenly [36]. Regarding the case of FTC followed by soni-
cation, it is possible to see a conjugation of both individual proﬁles of
each treatment; however, the predominant eﬀect seems to be induced
by sonication (Fig. 2).
3.2.2. Organic matter release
Besides the damage inﬂicted to M. aeruginosa by the optimized
technologies, another parameter was also evaluated — the IOMR
(Fig. 3).
Fig. 3 shows that the rate of organic matter released by cells was
considerably promoted by sonication, being the FTC responsible just for
a slight increment when applied as pre-treatment. The IOMR caused by
microwave irradiation was surprisingly low in spite of being one of the
Fig. 1. Quantiﬁcation of the absolute counts ( ) and surviving M. aeruginosa
cells counts ( ) by ﬂow cytometry after applying the diﬀerent disruption
methods. Error bars represent the standard deviation for three experiments.
According to Tukey's test, the methods presenting the same letter (uppercase
letters for surviving cells and lowercase letters for absolute counts) do not diﬀer
signiﬁcantly (α=0.05).
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most eﬀective techniques with regards to cells' viability reduction
(Fig. 1). The HSH method, in turn, had no eﬀect on IOMR (Fig. 3),
which was already expected since it did not show to induce any sig-
niﬁcant changes in cells' structure (Fig. 1 and Fig. 2). Despite of the
greater IOMR derived from sonication treatment, and as discussed in
the previous section, this methodology is frequently taken as unsuitable
for extraction purposes. As example, Lee et al. [37] determined that the
extraction of lipids involving three diﬀerent microalgae (C. vulgaris,
Botrycoccus sp., and Scenedesmus sp.) is more eﬃcient using microwave
irradiation, followed by bead-beating and sonication, respectively. The
same conclusions were drawn by Heo et al. [36] when comparing the
extraction of lipids from C. vulgaris using microwave and sonication,
with eﬃciencies of 82.87 and 69.56%, respectively. Diﬀerently, Pan
et al. [38] have found similar extraction yields of bioactive compounds
from a plant by applying microwave irradiation and sonication. In ad-
dition to the utilization of diﬀerent organisms, the variability observed
between our results and the other studies might be explained by the use
of diﬀerent disruption conditions of the tested methods and the appli-
cation of solvents to enhance the extraction of certain compounds.
3.2.3. Toxin release
As displayed in Fig. 4, the release of MC fromM. aeruginosa cells was
also evaluated for each optimized disruption process.
Despite of the lower impact on cells' viability when compared to
microwave, FTC, and the combination with FTC (Fig. 1), sonication
was, together with the combination with FTC, the most successful
methodology with respect to toxin release, similarly to what was ob-
served for the IOMR (Fig. 3). On the contrary, HSH and bead milling,
that generally presented none and intermediate impact onM. aeruginosa
cells (cf. Sections 3.2.1 and 3.2.2), respectively, do not seem to be in-
teresting methods to conduct MC's release processes, once no signiﬁcant
changes were determined when compared to control. However, bead
milling also demonstrated to be statistically identical to microwave,
FTC, and sonication followed by FTC, which allows us to conclude that
Fig. 2. Fluorescence proﬁle of M. aeruginosa cells present in solution after applying the optimal disruption conditions selected for the diﬀerent techniques tested. a)
control; b) HSH; c) bead milling; d) microwave; e) FTC; f) sonication; and g) FTC followed by sonication.
Fig. 3. Evaluation of IOMR of M. aeruginosa cells under the optimized condi-
tions of each disruption method. Error bars represent the standard deviation for
three experiments. According to Tukey's test, the methods presenting the same
letter do not diﬀer signiﬁcantly (α=0.05).
Fig. 4. MC release assessment of M. aeruginosa cells under the optimized con-
ditions of each disruption method. Error bars represent the standard deviation
for three experiments. According to Tukey's test, the methods presenting the
same letter do not diﬀer signiﬁcantly (α=0.05).
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this method is not very eﬃcient on MC release but, at the same time, it
is not as ineﬃcient as HSH. This distinction is clearly supported by the
results obtained for cells' viability (Fig. 1) and IOMR (Fig. 3) where the
impact of HSH is neglectable, while bead milling has shown to aﬀectM.
aeruginosa in both parameters. Regarding microwave and FTC, these
techniques were not able to reach a toxin release signiﬁcantly diﬀerent
from that observed with FTC followed by sonication method. The si-
milarities between these three methodologies could be expected taking
into account the impact of all of them over cells (Fig. 1); however, it is
interesting to see that microwave irradiation and FTC did not present
comparable yields of IOMR (Fig. 3) and MC release (Fig. 4) to sonica-
tion, which revealed lower reduction on cells' viability. Even more
surprising is the fact that FTC is pointed by the manufacturers' in-
structions of most of the toxin quantiﬁcation ELISA kits (including the
one used in our study) as the disruption method to apply. Fig. 4 clearly
shows that FTC is not the best option to promote the release of MC and,
when applied as pre-treatment of sonication, no increment was noted.
These results are not in agreement with Silva-Stenico et al. [16],
once microwave and sonication approaches revealed similar toxin re-
lease yields. Additionally, the amount of MC obtained by these authors
corresponds to concentrations 1000 times higher than ours, which is
very surprising. The hypotheses for such huge diﬀerences might be the
use of distinct strains, which have certainly diﬀerent toxin production
capacities and probably diﬀerent resistance to disruption methods, or
the use of diﬀerent treatment conditions. For instance, the microwave
irradiation process described by Silva-Stenico et al. [16] was applied for
a longer period of time (15min) and the solution was boiled, being thus
more aggressive to cells than ours (1.5 min of treatment divided into
15 s cycles and temperatures always below 60 °C throughout the whole
process). Furthermore, in the aforementioned research work, all the
samples undergone disruption processing twice since the treatments
were repeated and re-extraction was performed, which might have led
to this exponential release of MC. Additionally, the cells used by Silva-
Stenico and her colleagues [16] were previously lyophilized and that
might have weakened the cells' membranes before applying the dis-
ruption methods, contributing to higher amounts of toxin extracted.
4. Conclusions
Each disruption technique was optimized through the assessment of
IOMR and the most suitable conditions were deﬁned as follows: i) 20%
of beads and treatment time of 7min (bead milling); ii) 800W for
1.5 min (microwave); iii) three 12 h freezing cycles at−20 °C (FTC); iv)
15,000 rpm for 7min (HSH); and v) 40 kHz for 10min (sonication).
Among the optimized methodologies, HSH revealed to be ineﬀective to
extract the toxin or any other intracellular matter, which is a con-
sequence of the absence of structural alterations inﬂicted to cells. In
contrast, FTC followed by sonication, FTC, and microwave irradiation
had a great impact over M. aeruginosa cells and all of them pre-
sented<1% of viable cells after treatment application. However, cell
damage was not accompanied by the values of IOMR and MC release in
the case of FTC and microwave. Sonication, which was not as eﬀective
in reducing cells' viability — 5% of the initial biomass concentration
maintained its viability, has shown to be the best methodology to apply
both for IOMR and toxin release, together with FTC followed by soni-
cation. Generally, bead milling has demonstrated a low to intermediate
eﬀect on MC release and IOMR but was able to reduce the cells' viability
in 84.5%.
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